optimizing biofilm control strategies which rely on fluid shear. Our results provide insight into 48 how biofilm disruption dynamics is governed by applied forces and fluid properties, revealing 49 a mechanism for ripples formation and fluid-biofilm mixing. These findings have important 50 implications for the rational design of new biofilms cleaning strategies with fluid jets, such as 51 determining optimal parameters (e.g. jet velocity and position) to remove the biofilm from a 52 certain zone (e.g. in dental hygiene or debridement of surgical site infections), or using 53 antimicrobial agents which could increase the interfacial area available for exchange, as well 54 as causing internal mixing within the biofilm matrix, thus disrupting the localized 55 microenvironment which is associated with antimicrobial tolerance. The developed model 56
INTRODUCTION
impingements into water vessels (23-25), using the volume of fluid (VOF) method to track 90 the interface position between fluids. VOF method has also been used to predict the wall 91 shear stress produced by turbulent flows over biofilms (26) , and to characterize the biofilm 92 removal by impinging water droplets (27) . Nevertheless, both the turbulence effect on the 93 growth surface and the biofilm as a distinct dynamic phase have not been considered. Thus, 94 a CFD model for the biofilm rippling under turbulent jets should include: (i) multiphase flow 95 with biofilm and air/water both as moving phases; (ii) an accurate tracking of the biofilm-fluid 96 interface with VOF; (iii) a reliable treatment of fluid dynamics at the biofilm growth surface 97 (i.e. near-wall treatment) and at the biofilm-fluid interface (e.g. turbulent damping correction); 98 and (iv) the biofilm phase as a non-Newtonian fluid, with liquefaction due to shear thinning at 99 high shear rates. 100
The present study was aimed at developing a CFD model to characterize the observed 101 dynamic rippling patterns of Streptococcus mutans biofilms exposed to high velocity air-jet 102 7 Data post-processing 143 Fast Fourier transform (FFT) was used to determine the dominant period (T) and dominant 144 frequency (f) of the ripple patterns in the S. mutans biofilm formed during exposure to the air 145 jet. Frames from the experimental high-speed video and data exported from the simulated 146 results were post-processed with a MATLAB script for the FFT analysis. 147
For the experimental high-speed videos, the ripples wavelength (λ R ), defined as the 148 distance between two reverse peaks, was measured using NIH ImageJ as previously 149 described (28). Briefly, videos were converted to stacks and λ R was measured with the "plot 150 profile" function. For the simulated data, λ R was computed post-processing the biofilm 151 surface contours using MATLAB. The ripples velocity (u R , the distance the wave travels in a 152
given time) was calculated as u R = f· R =  R /T. 153
Model geometry 166
The schematic representation of the experimental set-up and the computational domain used 167 to analyze the air-jet impingements over biofilm thin layer are shown in Figure 1A and height were L x =15 mm and L y =5 mm respectively, with the biofilm initial thickness 171
Governing equations 173
Mass and momentum conservation. The momentum conservation eq.(1) is coupled with the 174 continuity eq.(2) 175
solved for the local velocity vector u and pressure p. The turbulence kinetic energy, k, and the specific dissipation rate, ω, are obtained from the 190 transport equations including the convection and viscous terms, together with terms for 191 production and dissipation of k and ω and cross-diffusion of ω. A user-defined source term 192
for ω, representing the turbulence damping correction, was added to correctly model the 193 flows in the interfacial area. (2) 205 with  y the yield stress (Pa), K the consistency index (Pa·s) and n the flow behavior index.
206
Since the calculated shear rates from CFD were so high that experimental data could not be 207 obtained (orders of magnitude higher than obtainable with ordinary rheometers) we 208 extrapolated using data from dynamic viscosity sweeps to determine the complex viscosity of 209 S. mutans biofilms (33) and the dynamic viscosity of heterotrophic biofilms determined in 210 (34), by modifying Herschel-Bulkley model parameters and evaluating numerically several 211 viscosity curves from (eq.(2)). See results for more details. 212
213
Boundary and initial conditions. In the computational domain (Figure 1B) the viscous sublayer, the first grid cell needed to be at about y + ≈1, also near the free surface 231 (31). In the two-phase flow, the biofilm phase was initialized as a thin layer with constant 232 thickness over the substratum, being several orders of magnitude more viscous than the air. 233
The biofilm behaved initially like a solid, requiring resolving the viscous sublayer from the air-234 biofilm interface, instead of from the wall as usually done. 235
In the initialization step, the values for k and  were computed using equations (3) and 236 (4), from velocity U in the inlet and characteristic length 1 l  mm, and the volume fraction of 237 the biofilm phase was set to 1 in the region ABHI ( Figure 1B) . 238 239
Model solution 240
Meshing. A uniform mesh of prism cells was defined in the domain, with maximum size h x x 241 h y of 50 m x 17 m, with a refined mesh in the region ACGI (minimum size 15 m x 0.4 m) 242
to satisfy the requirement y + ≈1 near walls and in the free surface. A mesh growth rate no 243 higher than 1.2 (30) was used between the refined sub-domain and the remaining 244 computational domain, leading to ~450000 mesh cells. Mesh details are shown in 245 Supplementary Information Figure S1 . Newtonian viscosities (η) (i.e. estimated viscosity curves, EVC) and two surface tensions (γ). 260
The second set (runs 8-12) was performed for sensitivity analysis, evaluating the effects of 261 the inlet jet velocity and the biofilm thickness on the biofilm rippling response. Table 1 shows 262 an overview of the numerical simulations. Assuming that the dynamic viscosity should be lower than the complex viscosity, parametric 292 sweeps were performed to evaluate the dynamic viscosity using the Herschel-Bulkley model 293 from eqns.(2) and (2)). As an example, four estimated viscosity curves (EVC 1 , EVC 2 , EVC 3 , 294 and EVC 4 ) were represented together with the experimental reference values in Figure 3 . 295 EVC 1 corresponded to the highest dynamic viscosity, while EVC 4 was the lowest viscosity 296 curve. To reproduce the observed liquefaction behavior in the movies (9), the Herschel-297
Bulkley curves were adjusted to bend asymptotically to that of water viscosity at very high 298 shear rates with the reasoning that water represents the lowest possible limit for a completely 299 broken down hydrogel. However, in reality the biofilm viscosity is expected to be higher than 300 that of water since even if completely mixed will contain cells and EPS components. The 301
Herschel-Bulkley parameters, and the shear rate thresholds at which biofilm viscosity 302 reached the viscosity of water are listed in Table 2 . 303 304
Computed results 305
For the experimental air inlet velocity v=41.7 m·s -1 , the biofilm response was simulated with 306 different viscosity curves ( Table 2 ) and two surface tension values (γ) of air-biofilm interface 307 (γ=72 mN·m -1 and γ=36 mN·m -1 ). The former is for air-water γ at 20 ºC, considering the 308 biofilm matrix as more than 90% water (39), and the latter, smaller value is from Koza et al. 309 (40) since the amphiphilic nature of EPS can have a surface-active effect (41), altering the 310 air-water γ. The image frames taken during the biofilm disruption at different times were 311 matched the experimental data as illustrated in Figure 2B , with respect to the distance 313 reached by the travelling wave front and also the position of several ripple maxima and 314 minima thicknesses (dark/light areas in the simulation results). An animation of the simulated 315 ripple formation is presented in the Supplementary Information Video S2. Figure 4 depicts 316 the biofilm surface contours over time for cases simulated with EVC 3 and γ=72 mN·m -1 (left) 317 or γ=36 mN·m -1 (right), from the early cavity formation (Figures 4 A,D) until the deformation 318 wave damping (Figures 4 C,F ). An animation of the simulated biofilm rippling can be found 319 in Supplementary Information Video S3. A lower surface tension clearly intensified the 320 disruption and the formation of surface instabilities, which were qualitatively analyzed at 4 321 and 20 ms (Figure 4) . Ripples began to form from 3 and 5 mm at 4 and 20 ms, respectively. 322
At early times (4 ms) the cavity width was ~2 mm and depth reached >80% of the initial 323 biofilm thickness. Later, at 20 ms the cavity width extended to ~4 mm and the depth reached 324 almost to the biofilm substratum, creating a zone cleared of biofilm with a radius of about 2 325 mm. The disruption caused a biofilm deceleration of ~0.025 m·s -2 . 326
By tracking the position of the advancing front of the ripples, the biofilm displacement 327 was determined as defined as the maximum distance travelled by the advancing front of the 328 ripples over the underlying biofilm support at a given time (5). From the movies an average 329 displacement was computed from the front positions in eight radial directions at each time 330 (Figure 2) , whereas the biofilm displacement in the simulations was computed in one radial 331 direction, because of the axial symmetry of the computational domain. Figure 5 compares 332 the experimental and simulated displacements, where biofilm responses were computed with 333 EVC 3 and two surface tensions. Initially the disruption front moved quickly, but slowed down 334 and reached a steady value after about 20 ms, trends reflected in both experiments and 335 model. It seems that the lower surface tension allowed a faster displacement (i.e. less 336 opposing force to the air stream) and better fit of the experimental data, but the differences 337 were still too small to be considered significant. 338 showing fluid-biofilm interaction is presented in Figure 6 (for an animation see 340
Supplementary Information Video S4). Initially, the air flow flowed faster than the biofilm, 341 forming ripples on the biofilm surface, until a steady-state was reached after 20 ms, 342 generating a disrupted zone with ~13 mm radius. The velocity field shows the high velocity 343
around the air nozzle and continuously decreasing velocities as the air flows radially along 344 the biofilm surface far from the impact zone. The air flow loses its kinetic energy as it 345 expands radially, and at a certain distance from the center the shear would be too weak to 346 deform the biofilm anymore, therefore a steady-state was reached. 347
A sequence of the air shear rate and the biofilm dynamic viscosity distributions are 348 presented in Figure 7 (for an animation see Supplementary Information Video S5) , and the 349 pressure and velocity components profiles are depicted in Figure S3 and (Figure S4) . These shear forces and the pressure produced changes 359 in biofilm thickness beginning from ~0.7 ms in the impact zone. Slightly uneven biofilm 360 surface can be observed in the area disrupted by the jet (Figure 7 and Figure S3 ), thus both 361 pressure and shear stress forces initiate biofilm movement. Between 1 and 2 ms, the first 362 biofilm ripples started to form. The ripple formation coincided with a larger biofilm area being 363 liquefied, from a radius of 5 mm liquefied at 2 ms to about 8 mm at 5 ms. Interestingly, the 364 movement of this part of fluidized biofilm produced pressure oscillations within the biofilm (Figure S3) , thus generating the ripples. The largest gradients of pressure were observed for 366 5 ms, and decreasing further when the ripples were near a steady-state (from 15 ms). To 367 characterize the biofilm ripples, the wavelength, characteristic frequency and ripples velocity 368 were determined for both experimental and simulated data (η=EVC 3 , γ=72 and 36 mN·m -1 ). 369
The values averaged in time are listed in Table 3 (runs 1 and 2) meant a softer structure, disrupting the full biofilm length after only a few ms of 382 jet exposure while experimentally the biofilm displacement was less than 6 mm for 2 ms. The 383 biofilm with the lowest viscosity (η=EVC 3 , run 1) was disrupted over the largest radius, while 384 biofilm residues remained unremoved in the cavity centre for the more viscous biofilm 385 (η=EVC 1 , run 3) (Figure 9) . Thus, expectedly, low values of biofilm viscosity lead to greater 386 biofilm displacement and removal. 387 388 Surface tension. A lower surface tension (γ=36 mN·m -1 , runs 1 and 3) allowed for quicker 389 biofilm displacement initially (Figure 8 ) than with γ=72 mN·m -1 (runs 2 and 4), until arriving at 390 similar steady-state displacement, possibly explained by the stabilization effect of surface tension. Moreover, the lower surface tension produced ripples with higher frequency and 392 higher amplitude, i.e. the biofilm surface is more unstable (Figure 9) . However, the cavity 393 depth was not affected by the surface tension in the range of analyzed values. 394 395 Jet velocity. The largest and fastest displacements were achieved with high velocity (runs 1 396 and 3) due to the higher shear rates produced (Figure 8) . For low velocity (runs 8 and 9), the 397 biofilm started to move 5 ms later than for high velocity because the slower air jet reached 398 the biofilm with the corresponding delay, generating also a smaller biofilm cavity (Figure 9B) . 399
Additionally, at v=60 m·s -1 the biofilm was removed much faster with full-length disruption 400 after just 2 ms. In general, as the gas jet velocity increased the central biofilm cavity got 401 deeper and wider, with the rim of the cavity rising above the original biofilm level, while the 402 biofilm surface became more unstable, suffering larger surface perturbations. 403 from 7 to 14 ms (Figures 4 B,E) the waves appeared distorted, with a reduced amplitude 418 and a more constant wavelength over the disruption area (i.e. the initial, smaller waves on 419 the tail grow larger). Finally, from 15 to 20 ms (Figures 4 C,F) there were fewer ripples but 420 with larger wavelengths than in the previous phases. Particularly, such wavelengths and 421 ripples velocity characterizing perpendicular impingements were similar with those measured 422 on S. mutans exposed to air-jets applied parallel to the surface (3). 423
The ripples dynamics produced by turbulent flow over biofilms has been previously 424 related to the viscoelastic nature of biofilms (5, 7, 42), suggesting that the biofilm mechanical analyzed here, the literature shows remarkable similarity in the viscoelastic response of 472 many different types of biofilms when subject to shear stresses, even though the magnitude 473 of the elastic and viscous moduli vary over many orders of magnitude(46), thus it is 474 reasonable to conclude that biofilms formed from other species might exhibit similar flow 475 behavior to described here, as suggested by the ripple patterns experimentally observed in 476
Pseudomonas aeruginosa and Staphylococcus epidermidis biofilms exposed to high velocity 477
shear flows (3). 478 Furthermore, the observed results highlight the importance of considering the correct 479 representation of forces, which mechanically can disrupt biofilms. The numerical simulations 480 indicated that inertial and interfacial tension forces are governing biofilm disruption by impact 481 of turbulent air-jets, as the fluid dynamic activity reported for microdroplets sprays and power 482 toothbrushes (27, 45) . Specifically, the cavity formation, i.e. size and geometry, depends on 483 a force balance at the free surface (23), thus assuming in our case that inertial forces 484 controlled the cavity depth, while the cavity width was determined by both inertia and surface 485 tension, indicated by the presence of small-amplitude ripples at the cavity edge. Ripples are 486 produced because of pressure and shear stress variations in the gas in phase with the 487 generated wave (44). For very thin fluid films, the fluctuations in the fluid have much larger 488 components in the tangential direction than in the normal direction, consequently, the shear 489 stress is the dominant mechanism (47), as showed in our case, in which was also identified a 490 significant role for pressure variations. Therefore, two mechanisms were determined to 491 produce moving biofilm ripples as a result of air jet impingement: 1) pressure oscillations 492 generate biofilm ripples and 2) friction forces drag the biofilm along the support surface. 493
Lastly, the simulation also revealed the important role of interfacial tension forces in the 494 formation of surface instabilities, with less surface tension leading to more rippling (i.e. higher 495 frequency and velocity). These results are in agreement with the possibly lower surface 496 tension for biofilm-air (γ=36 mN·m -1 ) than for water-air (γ=72 mN·m -1 ), as measurements for within the range 25-50 mN·m -1 (40, 48, 49). The amphiphilic character and surfactants 499 production are associated as main effects controlling surface tension in microbial colonies 500 and biofilms (49, 50), being attributed the surface tension reduction to the presence of 501 surfactants (40, 43, 49). Biofilm surface tension differences could also explain the different 502 ripple patterns observed between S. mutans biofilms and biofilms grown from Pseudomonas 503 aeruginosa and Staphylococcus epidermidis (3). A lower surface tension intensified the 504 formation of small-amplitude waves near the impact zone (i.e. the more "flexible" interface 505 was more wrinkled). This increase in air-biofilm interfacial area could enhance the friction to 506 flow. Moreover, there could be implications on the mass transfer: wavy interfaces will distort 507 the diffusion boundary layer, and interfacial waves have been related to mass transfer 508 enhancement (51, 52). 509
These results contribute to the existing knowledge of mechanisms promoting disruption 510 though mechanical forces, opening new ways to optimize biofilm control strategies which rely 511 on fluid shear. The model can be used to determine optimal parameters (e.g. jet velocity and 512 position, angle of attack) to remove, or predict the spread of, the biofilm in specific 513 applications (e.g. in dental hygiene or debridement of surgical site infections). The developed 514 model also has potential application in predicting drag and pressure drop caused by biofilms 515 in bioreactors, industrial pipelines and ship hull surfaces, as well as predicting how shear 516 might influence the removal or spread of biofilms associated with medical devices such as 517 orthopedic implants, voice prostheses, catheters and vascular stents. 
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Figure S1. Details of the defined mesh in the computational domain. A refined mesh was defined 720 in the region ACGI satisfying the requirement y + ≈1. A mesh growth rate no higher than ≈1.2 was 721 used from the refined region to mesh the remaining domain. Mesh quality was checked with the 722 orthogonal quality parameter, which had average values of 1 in all domain, confirming the good 723 quality of the defined regular mesh. 724 Figure S2 . Steady-state of the biofilm disruption after perpendicular air-jet impingement. The 725 ripples die out when the biofilm flowed to the cleared space edge after ~350 ms of jet exposure. 726 Figure S3 . Computed pressure fields in the disrupted region (rectangle marked in Figure 6 ) for 727 different times, i.e. 0.7, 0.8, 0.9, 1, 2, 2.5, 5, 10, 15, and 20 ms. Simulations were performed with 728 η=EVC 3 and γ=36 mN·m -1 . Color scale: pressure in Pa. Larger pressures were in the air-jet 729 impact zone. Pressure gradients formed in the in the biofilm phase were observed from t=2 ms. 730 Figure S4 . Computed air-jet velocity profiles in X and Y directions (velocity u r and u z , 731 respectively) in the disrupted region (see Figure 6 ) for different times, i.e. 0.7, 0.8, 0.9, 1, 2, 2.5, 732 5, 10, 15, and 20 ms. Simulations were performed with η=EVC 3 and γ=36 mN·m -1 . Color scale: 
